Trichloroethylene (TCE) decomposition by hydrogen with microwave heating under different reaction systems was investigated. The activities of a series of catalysts for microwave-assisted TCE hydrodechlorination were tested through the fixed-bed and the fluidized-bed reactor systems. This study found that the different reaction system is suitable for different catalyst type. And there is an interactive relationship between the catalyst type and the reaction bed type.
Introduction
Chlorinated organic compounds like trichloroethylene (TCE), which are widely distributed pollutants due to their extensive use for metal degreasing or textile cleaning, are very harmful to human beings from an environmental point of view [1, 2] . Methods for safe and environmentally acceptable destruction of recovered wastes or stocks of TCE are imminently needed. Conventionally, abatement of the TCE involves destructive technologies like thermal degradation, which often leads to the formation of carcinogenic byproducts [3] . It is well known that the incineration process is a well-established and expedient method for the elimination of chlorinated organic wastes, while highly energy-demanding and toxic heterocyclic organic compounds leaded by incomplete combustion still need solve [4] . Thus, safe conversion of TCE into value added products is still an intriguing goal of research. Because of its simplicity and effectiveness, hydrodechlorination (HDC) of chlorinated organics is an attractive alternative to incineration from both economic and environmental points of view. Moreover it enables the conversion of industrial byproducts to valuable chemical feedstock or environmentally friendly products [5] [6] [7] [8] . High reaction temperature (excess of 773 K for non-catalytic [9, 10] ), expensive precious metal catalysts (Pd, Pt, Rh and so forth [11] ), and low hydrogen utilization are the main problems that need to be solved for HDC of chlorinated organics [12] . Recently the use of microwave irradiation to accelerate the catalytic reactions has given some remarkable results [13] [14] [15] . With the employing of the microwave irradiation, the selectivity of the products distinctly increased [16] . We also introduced microwave technology into TCE HDC reaction and found that the addition of microwave does well to the TCE decomposition ratio [13, 16] .
The HDC reaction is usually performed with the fixed bed (Figure 1, left) . During the experiment, the local hot spots near the reactor wall have been detected, which resulted in the incomplete decomposition [17, 18] . Fluidization is the process by which solid particles attain a fluid-like state through suspension in a flowing gas or liquid [19] . Thus the fluidized bed reactor provides a close idealization in gas-solid contactors for high heat transfer rates, which is needed to ensure isothermal operation in a reactor [20] . The advantages of fluidized bed have been embodied in many heterogeneous catalytic reactions [21] [22] [23] [24] [25] . The combination of microwave with fluidized bed for the drying process of fruits and crops has shown significant improvement in operation cost and quality of products [26] [27] [28] . The microwave-assisted HDC of TCE is also a gas-solid phase reaction; herein the solid catalysts as internal heat carriers will provide a more homogeneous temperature distribution and offer the opportunity for high decomposition rates in a small reactor space. Thus, in this paper, we investigated the effect of the reaction bed (the fluidized bed and the fixed bed) on the microwave-assisted HDC of TCE.
Experimental

Catalysts Preparation.
A series catalyst has been prepared. All of the supported catalysts prepared through impregnation method. First γ-Al 2 O 3 (supplied by Shanghai Wusi Chemical Reagent Co., Ltd., China) or SiO 2 (supplied by Shanghai Xingao Chemical Reagent Co., Ltd., China) was impregnated by aqueous solution of metal nitrate and stirred at 80
• C for 4 h. Then the samples were dried at 120
• C overnight and subsequently reduced by hydrogen at 300
• C for 6 h. The components of all the catalysts presented in this paper are denoted as weight ratios. Figure 1 is a schematic diagram comparing salient features of our old fixed-bed reactor with the new fluidized-bed reactor. The two setups are identical except for larger reactor diameter (for high gas flow rate required for fluidization). Using a bubbler for TCE supply, the amount of evaporated TCE corresponding to the weight loss of the bubbler was measured before and after the reaction. Nonreacted TCE can be completely trapped in a cold trap operated with liquid nitrogen. The flow ratio of H 2 and TCE was adjusted approximately to 15 : 1. The production of HCl was trapped in a water bubbler and quantified very accurately by adding a pH indicator so as to calculate the decomposition rate. The detailed operation condition for the fixed bed can be seen in [16] . By increasing the hydrogen flow rate from 100 mL/min to 200 mL/min, the reactor mode can be varied from fixed bed to fluidizedbed. For all fluidized-bed reactor experiments, 1 gram of as prepared catalyst was used at the reactor. To achieve good fluidization, the catalyst particle size was kept between 70 and 120 microns. The MW absorption capability of the catalyst was determined by placing a quartz tube (4 mm ID), filled with the catalyst, into a cylindrical MW source. The hydrogen flow rate kept on 100 mL·min −1 for 2 hours under 120 W microwave irradiation. For microwave experimental, the detected method of temperature can be seen in [13] . Table 1 is to compare the catalytic activity for different catalysts with fixed bed and fluidized bed, respectively. From Table 1 , we can see that not all pure metal catalysts show high TCE decomposition ratios under microwave conditions. And Ni is the most active metal catalyst compared with others. For loaded catalysts, Ni/Al 2 O 3 has the highest decomposition ability for fixed-bed experimental. The catalyst, which that is no activity with the fixed bed under microwave conditions, that is no activity either with the fluidized bed, such as 10% Fe/SiO 2 and 10% Co/SiO 2 catalysts.
Catalytic Reaction.
Results and Discussion
There was another interesting phenomenon that could be observed when the reaction bed was changed from the fixed bed to the fluidized bed. First we could divide the catalysts into the supported catalysts and the pure metal catalysts. Then the following results can be easily concluded. For the pure metal catalysts, the activity with the fluidized bed is obviously higher than that with the fixed bed (see the activity of Ni, Fe, and Co). On the contrary, for all the supported catalysts, the activity with the fixed bed is higher than that with the fluidized bed, which, is completely different from our intuition.
As is well known, comparing with the fixed bed, fluidized bed has better internal heat transfer and allows for efficient temperature control. But why did there appear totally opposite results for pure metal catalysts and supported catalysts with the same reaction system and operation conditions? 10% NiO/Al 2 O 3 and 10% Ni/Al 2 O 3 have been chosen as the comparison to investigate the microwave distributing state in the microwave cavity. The whole reactor filled with the catalysts. The reduction treatment had been performed using MW irradiation for NiO/Al 2 O 3 while for Ni/Al 2 O 3 catalyst, microwave-assisted HDC of TCE experimental was performed. Figure 2 shows the picture of the above two catalysts after test. The results demonstrated impressively that the heating was not uniform for the whole reaction bed. From the color of the catalysts we can easily deduce that there exists strong absorbing region and weak absorbing region. The hot area of microwave-heated region focuses on a 5 cm long region located the side of the reactor exit. When we carried out the test in the fixed bed reactor, the catalyst bed usually located at the strong absorbing region. Adequate adsorbing microwave time ensures the higher reaction temperature. While for the fluidized-bed test, the heat is transported by the moving particles themself. It is well known that catalyst particles are carried by the streaming gas and move around in a restless and chaotic way for fluidized bed. Because the strong absorbing microwave zone is limited, the time when running particles are located at strong absorbing zone is uncertain. This would hardly ensure the enough time for particles to absorb the microwave for heating up. So for the fluidized bed, catalyst was to be asked to have strong MW absorption ability to heat up speedy to the reaction temperature. Comparing the absorbing capacity of the two type materials, pure metal catalyst particles are clearly greater than the supported catalyst particles because the supports we chose were Al 2 O 3 and SiO 2 , which have very low ability to absorb microwave [18] . For the pure metal catalysts, the decomposition ratio increased as the reaction system changed from the fixed bed to the fluidized bed, because of the better internal heat and mass transfer ability for fluidized bed. While for the supported catalysts, the temperature of catalyst bed is hardly as high as the fixed bed, which prevents the superiority of the fluidized bed to be embodied. In order to improve the TCE decomposition ratio, the catalyst with strong absorbing microwave ability is needed, which need us to design and prepare the new catalyst combined with the microwave knowledge. Another problem that should be urgently solved is uniform heating of the microwave irradiation. Recently we are trying to add extension to make MW-adsorbed area focus on the center of the reactor. These are the focus of our research.
Conclusions
In conclusion, microwave-heating-assisted decomposition of TCE by hydrogen with the fixed bed and the fluidized bed has been investigated, respectively. Compared with the other active metals we investigated, whether it is a pure metal or supported catalyst, Ni showed the best HDC activity under microwave conditions. At the same time, within the scope of our study, the supported catalysts fit for the fixed bed, while for the fluidized bed, the pure metal catalysts showed the higher decomposition ability.
